INTRODUCTION
The TJ (tight junction), located at the apical end of the lateral membrane of epithelial cells, forms a barrier to the diffusion of macromolecules such as allergens, toxins and pathogens. Disruption of TJs and the compromised barrier function play a crucial role in the pathogenesis of a number of gastrointestinal and pulmonary diseases [1] [2] [3] [4] . The TJ is organized by the interactions between the transmembrane proteins, such as occludin, claudins and junction adhesion molecule [4] [5] [6] , the intracellular plaque proteins such as ZO (zonula occludin)-1, ZO-2, ZO-3, cingulin, 7H6 and others [4, [7] [8] [9] [10] , and the actin cytoskeleton [4] .
A significant body of evidence indicates that TJs are associated with numerous intracellular signalling molecules, and are regulated by the activity of signal transduction pathways [4] . The integrity of the TJ in different epithelia is regulated by G-proteins [11] [12] [13] , protein kinase C [14] , c-Src [15] , PI3K (phosphatidylinositol 3-kinase) [16] , phospholipase Cγ [17] and protein phosphatase 2A [18] . Evidence suggests that these signalling activities may affect TJs by inducing phosphorylation and regulation of protein-protein interactions. TJ-proteins such as occludin and ZO-1 have been shown to undergo reversible phosphorylation on Ser, Thr and Tyr residues. Occludin is hyper phosphorylated on Ser/Thr residues [19, 20] and undergoes dephosphorylation during the disruption of TJs by calcium depletion [19] [20] [21] , phorbol esters [21, 22] or bacterial infection [23] . On the other hand, occludin undergoes phosphorylation on Tyr residues during the disruption of TJ by oxidative stress and acetaldehyde [24] [25] [26] . Tyrosine-mediated phosphorylation of occludin decreases its interaction with ZO-1, ZO-2 and ZO-3 [27] .
Oxidative stress disrupts TJs and increases paracellular permeability in a number of epithelial monolayers [28, 29] including the Caco-2 cell monolayer, an intestinal epithelium [24, 25, 30] . Oxidative stress-induced increase in permeability is associated with Tyr-phosphorylation, redistribution from the intercellular junctions of occludin and ZO-1, and dissociation of these proteins from the actin cytoskeleton [25] . Disruption of TJs by oxidative stress is mediated by the activities of PI3K [16] and c-Src [15] .
EGF (epidermal growth factor), a gastrointestinal mucosal protective factor, prevents oxidative stress-induced disruption of TJs [31] . EGF plays an important role in promoting cell growth and differentiation [32] . It is secreted in saliva and other gastrointestinal secretions at high concentrations [33] and is considered an important mucosal protective factor. In addition to its growth promoting effect, it prevents gastric ulceration induced by aspirin, stress, ethanol and acid [34] [35] [36] [37] , and attenuates the intestinal mucosal damage induced by a variety of insults [38] [39] [40] . EGF receptor activation turns on the Ras/MAPK (mitogenactivated protein kinase) pathway and mediates the promotion of cell proliferation, growth and differentiation [41] . Previous studies showed that activation of MAPK by active Raf-1 in salivary gland epithelium [42] and by active Ras in MDCK (Madin-Darby canine kidney) cells [43] disrupt the TJ. Disruption of TJs by Ras is associated with a decrease in the levels of occludin [43] , whereas Raf-1 decreases the expression of claudin-1 [42] . MAPK activity was also found to be involved in the disruption of TJ by H 2 O 2 in the endothelial cell monolayer [44] and by phorbol ester in corneal epithelium [45] . However, there is no evidence for the interaction of MAPKs with the TJ protein complex. In the present study we show that MAPK is involved in the protection of TJs in an intestinal epithelium.
The role of MAPK in the EGF-mediated prevention of oxidative stress-induced disruption of TJ was examined in Caco-2 cell monolayers. Results show that: i) EGF prevents H 2 O 2 -induced Tyr-phosphorylation, Thr-dephosphorylation and redistribution of occludin and ZO-1 from the junctions by a MAPK-dependent mechanism; ii) EGF prevents H 2 O 2 -induced disruption of actin cytoskeletal architecture and the dissociation of TJ-proteins from the actin cytoskeleton by a MAPK-dependent mechanism; iii) the active ERK (extracellular-signal-related kinase) in EGF-treated cells is localized in the actin-rich, detergent-insoluble fractions and active ERK is co-localized and co-immunoprecipitated with occludin; iv) ERK directly binds to the C-terminal region of occludin. This study for the first time shows that ERK interacts with occludin in Caco-2 cell monolayers, and plays an important role in the regulation of epithelial TJ by EGF.
MATERIALS AND METHODS

Chemicals
Cell culture reagents and supplies were purchased from GIBCO-BRL (Grand Island, NY, U.S.A. 
Antibodies
Mouse monoclonal anti-ERK, anti-MEK (MAPK/ERK kinase), recombinant biotin-conjugated anti-phosphorylated tyrosine (pTyr), HRP (horseradish peroxidase)-conjugated anti-(mouse IgG), anti-(rabbit IgG) and HRP-conjugated mouse anti-GST (glutathione S-transferase) antibodies were purchased from BD Biosciences (San Jose, CA, U.S.A.). Rabbit polyclonal anti-ERK (p-Thr-202/p-Tyr-204) or anti-phosphorylated ERK (p-ERK) and anti-MEK (p-Ser-222) or anti-phosphorylated MEK (p-MEK) antibodies were purchased from Cell Signaling Technology, Inc. (Beverly, MA, U.S.A.). Goat polyclonal anti-p-ERK antibody was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, U.S.A.). Mouse monoclonal anti-occludin, rabbit polyclonal anti-ZO-1, rabbit polyclonal antiphosphorylated threonine (p-Thr) and HRP-conjugated anti-occludin antibodies were purchased from Zymed Laboratories (South San Francisco, CA, U.S.A.). Cy3-conjugated anti-(rabbit IgG), Alexa Fluor TM 488-conjugated anti-(mouse IgG) and Alexa Fluor TM 488-conjugated phalloidin were from Molecular Probes (Eugene, OR, U.S.A.).
Cell culture
Caco-2 bbe cells, obtained from Dr Jerold Turner (University of Chicago, Chicago, IL, U.S.A.), were grown under standard cell culture conditions as described previously [15, 16] . Caco-2 bbe is a sub-clone of the Caco-2 cell line selected on the basis of a well-developed brush border and greater expression of alkaline phosphatase. These cells are considered to differentiate better than the original Caco-2 cell line. Cells were grown on polycarbonate membranes in Transwells (12 
Unidirectional flux of inulin
Transwells with the cell monolayers were incubated under different experimental conditions in the presence of FITC-inulin (0.5 mg/ml) in the basal well. At 3 h after H 2 O 2 treatment, 100 µl each of apical and basal media were withdrawn and the fluorescence was measured at 528 nm using a fluorescence plate reader (BioTEK Instruments, Winooski, Vermont, U.S.A.). The flux into the apical well was calculated as the percent of total fluorescence administered into the basal well h −1 per cm 2 surface area. Duplicate cell monolayers were used for each group in each experiment and the experiment was repeated at least four times. Analysis of cell viability was performed at the end of experiments by lactate dehydrogenase release assay, Trypan Blue exclusion and DNA damage by propidium iodide demonstrated the absence of cell damage during these experimental conditions.
Immunofluorescence microscopy
After experimental treatments, Caco-2 cell monolayers (12 mm) were washed in PBS and fixed in acetone/methanol (1:1, v/v) at 0
• C for 5 min or in 3 % paraformaldehyde for 15 min at room temperature for staining of actin. Cell monolayers were blocked in 3 % non-fat milk or 1 % BSA in TBS-T [20 mM Tris (pH 7.2), 0.1 % (v/v) Triton X-100 and 150 mM NaCl] and incubated for 1 h with primary antibodies, rabbit polyclonal anti-ZO-1, mouse monoclonal anti-occludin, mouse monoclonal anti-ERK and rabbit polyclonal anti-p-ERK antibodies, followed by incubation for 1 h with secondary antibodies, Alexa Fluor TM 488-conjugated anti-(mouse IgG) and Cy3-conjugated anti-(rabbit IgG) antibodies. For actin staining, paraformaldehyde-fixed cells were incubated with Alexa Fluor TM -conjugated phalloidin. The fluorescence was examined by a Zeiss LSM 510 laser-scanning microscope (Carl Zeiss MicroImaging, Inc., Thornnwood, NY, U.S.A.) and images from x-axes, y-axes and z-axes (sections thickness 1 µm) were collected by using LSM PASCAL software. Images were stacked by using the software, Image J and processed by using the software, Adobe Photoshop (Adobe Systems Inc., San Jose, CA, U.S.A.). Fluorescence for actin appeared in 14-16 sections. There was no significant difference in the number of sections with fluorescence among different groups. Fluorescence in the top 4-5 sections, middle 4-5 sections and bottom 4-5 sections were stacked separately for apical, middle and basal images, respectively. In some images, fluorescence intensity at the intercellular junctions was quantified using the software, Image J and the values were presented as arbitrary units.
Preparation of detergent-insoluble fractions
Cell monolayers in Transwells (24 mm) were washed twice with ice-cold PBS and incubated for 15 min with lysis buffer-CS (cytoskeleton) (Tris buffer containing 1.0 % Triton X-100, 2 µg/ ml leupeptin, 10 µg/ml aprotinin, 10 µg/ml bestatin, 10 µg/ml pepstatin-A, 1 mM vanadate and 1 mM PMSF) at 4
• C. Cell lysates were scraped from the substratum and passed through a pipette tip five times. It was then centrifuged at 15 600 g for 4 min at 4
• C to sediment the high-density actin cytoskeleton. The pellet was resuspended in 200 µl of lysis buffer-CS. Protein contents in different fractions were measured by BCA (bicinchoninic acid) Pierce Biotechnology method (Rockford, IL, U.S.A.). Tritoninsoluble and Triton-soluble fractions were mixed with equal volumes of Laemmli's sample buffer (2× concentrated) and heated at 100
• C for 5 min and stored until immunoblot analysis. Triton-insoluble and -soluble fractions were immunoblotted for occludin and ZO-1. Samples were also immunoblotted for actin as a housekeeping protein. The experiment was repeated at least twice.
Immunoprecipitation of phosphoproteins
Tyrosine phosphorylation of occludin and ZO-1 in H 2 O 2 -treated cells was previously demonstrated by immunoprecipitation of pTyr followed by immunoblot analysis for occludin and ZO-1, and immunoprecipitation of occludin and ZO-1 followed by immunoblot analysis for p-Tyr [25] . Immunoprecipitation of phospho-occludin with anti-p-Tyr antibody was found to be much cleaner with less non-specific binding than precipitation with anti-occludin antibody. Therefore in the present study, we chose to immunoblot anti-p-Tyr immunoprecipitates for occludin and ZO-1. After the experimental treatment, Caco-2 cell monolayers (24 mm) were washed with ice-cold 20 mM Tris (pH 7.4) and denatured protein extract was prepared in lysis buffer-D [0.3 % SDS in 10 mM Tris buffer (pH 7.4), containing 1 mM vanadate and 0.33 mM PMSF] by heating at 100
• C for 10 min. Insoluble particles were centrifuged down and the supernatant was used for immunoprecipitation. Protein extracts (1.0 mg protein/ml) were incubated with 2 µg of anti-p-Thr antibodies or biotin-conjugated anti-p-Tyr antibodies at 4
• C for 16 h. Immune complexes were isolated by precipitation using Protein A-Sepharose or streptavidin-agarose (for 1 h at 4
• C). Washed beads were suspended in 20 µl of Laemmli's sample buffer for immunoblot analysis. Control binding was determined by conducting the assay using preimmune IgG or streptavidin-agarose.
Co-immunoprecipitation of occludin and p-ERK
Detergent-insoluble cell fractions were extracted in lysis buffer N [20 mM Tris (pH 7.4), containing 150 mM NaCl, 0.5 % NP40, 2 µg/ml leupeptin, 10 µg/ml aprotinin, 10 µg/ml bestatin, 10 µg/ ml pepstatin-A, 1 mM vanadate and 1 mM PMSF] by sonication for 10 s in an ice bath, to fragment the F-actin filaments and release the bound protein complexes as described previously [18] . F-actin fragments were pelleted down at 15 600 g for 30 min and the supernatant was used for immunoprecipitation experiments. Extracts were incubated overnight at 4
• C with 2 µg of rabbit polyclonal anti-occludin or anti-p-ERK antibodies. Immunoprecipitation was carried out overnight as described above. Immune complexes were precipitated by incubation for 1 h with Protein A-Sepharose at 4
• C. Anti-occludin immunocomplexes were immunoblotted for p-ERK, and anti-p-ERK immunocomplexes were immunoblotted for occludin. Control binding was determined by performing the assay using preimmune IgG.
Immunoblot analysis
Proteins were separated by SDS/PAGE (7 % or 4-12 % gradient) and transferred to PVDF membranes. Membranes were blotted for occludin, ZO-1, ERK, p-ERK, MEK and p-MEK by using specific antibodies in combination with HRP-conjugated anti-(mouse IgG) or HRP-conjugated anti-(rabbit IgG) antibodies. For GST, blots were incubated with HRP-conjugated anti-GST antibody. The blot was developed using ECL TM (enhanced chemiluminescence) (Amersham, Arlington Heights, IL, U.S.A.).
Recombinant GST-occludin-C and ERK1
cDNA for C-terminal tail of chicken occludin (amino acids 354-503) in the pGEX vector was a gift from Dr J. M. Anderson and A. Fanning (University of North Carolina, Chapel Hill, NC, U.S.A.). C-terminal tail, as a GST fusion protein (GST-Occludin-C), was prepared in E. coli DH5α cells and purified using GSHagarose as described previously [27] . Recombinant human ERK1 as a GST fusion protein was purchased from Upstate Biotech Inc. (Lake Placid, NY, U.S.A.) and incubated with thrombin in 50 mM Tris buffer containing 10 mM CaCl 2 to cleave GST. GST was removed by binding to GSH-agarose.
GST pull-down assay
Protein extracts were prepared from Caco-2 cells. Confluent cell monolayers were lysed in 0.2 % Triton X-100 in PBS containing 1 mM sodium orthovanadate, 10 mM sodium fluoride and 10 mM sodium pyrophosphate (3 ml/100 mm plate). Cell lysates were centrifuged at 15 000 g for 15 min and the supernatant was used for pull-down assay. Cell lysate (0.6 ml) was incubated with 10 µg of GST-occludin-C and 20 µl of GSH-agarose at 4
• C for 3 h on an inverter. Agarose beads were washed 3 times with PBS and proteins extracted by heating at 100
• C for 5 min in 20 µl of Laemmli's sample buffer. The amounts of p-ERK present in GSH-agarose pull-down were determined by immunoblot analysis. Control-binding was determined by using GST instead of GST-occludin-C. At the end of the experiment, the blots were stained with Ponceau-S to confirm the use of equal amount of GST-occludin-C in different samples. Interaction between ERK1 and occludin was also confirmed by incubating GST-ERK1 with the protein extracts from Caco-2 cells. GSH-agarose pull-down was immunoblotted for occludin.
Pair-wise binding assay
To determine the direct interaction between occludin and ERK1, GST-occludin-C (10 µg) was incubated with thrombin-cleaved recombinant ERK1 (0.1-0.3 µg) in PBS containing 0.2 % Triton X-100, 1 mM vanadate and 10 mM sodium fluoride for 16 h at 4
• C on an inverter. GST-occludin-C was pulled down by binding to 20 µl of GSH-agarose at 4
• C for 1 h. The amount of ERK1 bound to GSH-agarose pull-down was determined by immunoblot analysis. Non-specific binding was determined by using GST instead of GST-occludin-C. Density of ERK1 bands were quantified by densitometric analysis using the software, Image J and the density is presented as arbitrary units.
Blot overlay assay
Direct binding of ERK1 to occludin was also confirmed by slot blotting different amounts (10-30 ng) of recombinant thrombincleaved ERK1 to a PVDF membrane. Membrane was overlayed with 1 µg/ml of GST or GST-occludin-C for 3 h at 4
• C. Washed blots were probed for GST using HRP-conjugated anti-GST antibody. 
RESULTS
EGF prevents H 2 O 2 -induced disruption of TJ and increase in paracellular permeability by a MAPK-dependent mechanism
Previous studies showed that EGF prevents H 2 O 2 -induced increase in paracellular permeability in Caco-2 cell monolayers [31] . The present study confirms this effect of EGF on TER ( Figure 1A ) and inulin permeability ( Figure 1B) . One of the major intracellular signalling pathways that is activated by EGF receptor is the MAPK pathway [41] . Therefore we evaluated the effect of MEK inhibitors (PD98059 and U0126) on EGFmediated prevention of H 2 O 2 -induced permeability. PD98059 and U0126 attenuated the EGF-mediated prevention of H 2 O 2 -induced decrease in TER ( Figure 1A ) and increase in inulin flux ( Figure 1B ). PD98059 and U0126 produced no significant effect on basal or H 2 O 2 -induced changes in TER or inulin flux. Confocal microscopy showed that treatment of Caco-2 cells with EGF dramatically prevents H 2 O 2 -induced disruption of junctional organization of occludin and ZO-1, and attenuates the redistribution of occludin and ZO-1 from the intercellular junctions ( Figure 1C) . EGF-mediated prevention of H 2 O 2 -induced redistribution of occludin and ZO-1 was abrogated by the treatment of cell monolayers with U0126 ( Figure 1C ).
EGF prevents H 2 O 2 -induced phosphorylation of occludin by a MAPK-dependent mechanism
Our previous study showed that a H 2 O 2 -induced increase in paracellular permeability was associated with phosphorylation . Tissue extracts were either directly immunoblotted for total occludin and ZO-1 (C) or control-immunoprecipitation was performed using preimmune rabbit-IgG with Protein A-Sepharose or streptavidin-agarose followed by immunoblot analysis for occludin and ZO-1. (E) and (F) Caco-2 cell monolayers were incubated with EGF and H 2 O 2 in the presence or absence of U0126 for 3 h. Extracted proteins were subjected to immunoprecipitation of p-Tyr (E) or p-Thr (F) followed by immunoblot analysis for occludin and ZO-1. This experiment was repeated twice with similar results.
of occludin and ZO-1 on tyrosine residues [25] . Therefore the effect of EGF on Tyr-phosphorylation of occludin and ZO-1 was examined. The results show that EGF prevents H 2 O 2 -induced Tyrphosphorylation of occludin and ZO-1 (Figure 2A ). In the normal epithelium, occludin was shown to be hyperphosphorylated on Ser and Thr residues [19, 20] , and it is dephosphorylated during the disruption of TJ [19] [20] [21] [22] [23] . Therefore the effect of H 2 O 2 and EGF on Thr-phosphorylation of occludin was examined. The treatment of cells with H 2 O 2 resulted in dramatic decrease in the phosphorylation of occludin on threonine residues and the treatment of cells with EGF prevented this effect of H 2 O 2 on phosphorylation of occludin on threonine residues ( Figure 2B ). The total amount of ZO-1 and occludin used for immunoprecipitation was similar in different groups of cells ( Figure 2C ). Control immunoprecipitation using preimmune IgG and Protein A-Sepharose or streptavidin-agarose showed no non-specific binding of occludin ( Figure 2D ). The preventive effect of EGF on H 2 O 2 -induced Tyr-phosphorylation ( Figure 2E ) and Thr-dephosphorylation ( Figure 2F ) of occludin was completely attenuated by U0126. EGF by itself produced no considerable influence on the Tyr-phosphorylation or Thr-phosphorylation of occludin (Figures 2A and 2B ). 
EGF prevents H 2 O 2 -induced reorganization of actin cytoskeleton and dissociation of occludin and ZO-1 from the actin cytoskeleton by a MAPK-dependent mechanism
The interaction of TJ proteins with the actin cytoskeleton is essential for the maintenance of the integrity of TJ and the barrier function [4] . Our previous studies showed that the disruption of TJ by H 2 O 2 is associated with the decrease in the levels of occludin and ZO-1 in the actin-rich detergent-insoluble fraction of the cell [25] . Therefore in the present study we examined the organization of actin filaments at the apical, middle and basal parts of the epithelium. At the apical end, actin appeared to be organized into a network, whereas the cortical network of actin was present at the middle part of the cell as a circumferential ring. At the base of the cell, actin filaments were organized into stress fibres. H 2 O 2 treatment disrupted the organization of the actin cytoskeleton at all levels ( Figure 3A) . The treatment of cells with EGF prevented H 2 O 2 -induced alteration of the actin cytoskeletal architecture
Figure 4 EGF activates ERK in Caco-2 cell monolayers by a MEK-dependent mechanism
Caco-2 cell monolayers were pretreated with or without U0126 for 1 h followed by incubation with EGF for various times. In additional cell monolayers, H 2 O 2 was added 10 min after EGF and the incubation was continued for a further 5 min. Triton-insoluble and Triton-soluble fractions were prepared and immunoblotted for ERK and p-ERK (A), or MEK and p-MEK (B). Samples were also immunoblotted for actin as a house keeping protein (A).
( Figure 3A) . EGF by itself increased the intensity of actin staining in the middle part of the cell ( Figure 3B) . Treatment of cells with U0126 attenuated the EGF-mediated prevention of H 2 O 2 -induced changes in actin cytoskeletal architecture. Our previous study demonstrated that H 2 O 2 rapidly reduces the association of occludin and ZO-1 with the actin-rich Tritoninsoluble fractions [25] . The present study shows that EGF prevents the H 2 O 2 -induced decrease in the levels of occludin and ZO-1 in the detergent-insoluble fraction ( Figure 4C ). This effect of EGF was accompanied by the prevention of H 2 O 2 -induced increase in the levels of occludin and ZO-1 in Triton-soluble fractions. Treatment of cell monolayers with U0126 abolished the preventive effect of EGF on H 2 O 2 -induced changes in the levels of occludin and ZO-1 in Triton-insoluble and Triton-soluble fractions. EGF by itself produced no considerable influence on the levels of occludin or ZO-1 in the Triton-insoluble or Tritonsoluble fractions.
Activation and localization of ERK at the TJ
Determination of ERK activation by immunoblot analysis for p-ERK showed that EGF rapidly increased the levels of active ERK in both the Triton-soluble and Triton-insoluble fractions ( Figure 4A) ; maximal activation was achieved by 2 min. H 2 O 2 did not influence the activation of ERK by EGF. However, the levels of p-ERK detected were severalfold greater in Tritoninsoluble fraction compared with their levels in Triton-soluble fractions. Activation of ERK was completely prevented by U0126, suggesting a role for MEK in EGF-induced activation of ERK. EGF rapidly increased the level of p-MEK ( Figure 4B ) and p-MEK was localized predominantly to the Triton-soluble fraction. A relatively low level of p-MEK was detected in the Tritoninsoluble fraction. The inhibitor U0126 slightly potentiated the effect of EGF on the levels of p-MEK. There were no considerable changes in the levels of total ERK or total MEK under these experimental conditions (Figures 4A and 4B) .
Immunofluorescence confocal microscopy showed that p-ERK is localized predominantly at the intercellular junctions, and colocalized with occludin ( Figure 5A ). The optical z-sections of confocal images show the co-localization of p-ERK with occludin in control cell-monolayers at the apical end of the lateral membrane ( Figure 5B ). The amounts of p-ERK localized at the junction were much greater in EGF-treated cell monolayers.
Direct interaction of ERK with the C-terminal region of occludin
The co-localization of ERK with occludin suggested a possible interaction between occludin and ERK. To determine the association of ERK with the TJ protein complex we investigated the possibility of co-immunoprecipitation of p-ERK with occludin. Considerable levels of p-ERK were co-immunoprecipitated with occludin in control cell-monolayers and the levels of p-ERK detected in anti-occludin immunoprecipitates were much greater in EGF-treated cells ( Figure 6A ). The association of p-ERK with occludin was further confirmed by the immunoprecipitation of p-ERK, and subsequently immunoblot analysis for occludin ( Figure 6B ).
Occludin is a transmembrane protein and its C-terminal region extends into the intracellular compartment. The C-terminal region interacts with plaque proteins of the TJ such as ZO-1, ZO-2 and ZO-3 [27] . To determine the interaction of p-ERK with the C-terminal tail of occludin we generated recombinant GST-fused occludin-C (the C-terminal 150 amino acids). GSToccludin-C was incubated with protein extracts prepared from Caco-2 cell monolayers that were pre-incubated with or without EGF or H 2 O 2 . GST-occludin-C pulled-down p-ERK from protein extracts prepared from control cells ( Figure 6C ) and the binding was markedly higher in proteins extracted from EGF-treated cells. On the other hand, GST did not pull-down p-ERK from protein extracts from control or EGF-treated cells. Treatment of cells with H 2 O 2 did not alter the binding of p-ERK to GST-occludin-C in control or EGF-treated cells. The amount of p-ERK present in the protein extracts used for the pull-down assay was much higher in cells treated with EGF ( Figure 6D ), whereas the amount of total ERK was unaffected. Ponceau-S staining at the end of the experiment indicated that similar amounts of GST-occludin-C were used under different experimental conditions ( Figure 6D) .
Interaction of ERK1 and occludin was further confirmed by incubation of GST-ERK1 with protein extracts from Caco-2 cells. Immunoblot analysis of GST-ERK1 pull-down showed the presence of occludin and the amount of occludin pulled-down was dependent on the concentration of GST-ERK1 ( Figure 6E ). Control-binding using GST showed the absence of non-specific binding of occludin.
Co-immunoprecipitation studies and GST pull-down assays clearly indicate an interaction between ERK and the TJ-protein complex. However, these results do not demonstrate a direct interaction between ERK and occludin. To determine if there is a direct interaction between ERK and the C-terminal region of occludin, we studied the interaction between these two proteins by a pair-wise binding assay using GST-occludin-C and recombinant thrombin-cleaved ERK1. ERK1 binds to GST-occludin-C in a dose-dependent manner ( Figures 7A and 7C ), but it did not bind to GST ( Figure 7B ). The binding of ERK1 to occludin was further confirmed by an overlay of ERK1 slot-blots with GST-occludin-C ( Figure 7D ). The overlay assay confirmed that GST-occludin-C, but not GST, directly binds to ERK1.
DISCUSSION
Numerous injurious factors, including reactive oxygen species, compromise the epithelial TJ and the barrier function. Evidence indicates that EGF, a gastrointestinal mucosal protective factor, prevents oxidative stress-induced disruption of the intestinal epithelial TJ [31] . The present study demonstrates for the first time that ERK directly interacts with the C-terminal region of occludin and that MAPK activity is required for the EGFmediated protection of TJ from oxidative stress. Interaction of ERK may mediate the phosphorylation of certain TJ-proteins or signalling molecules associated with the TJ-proteins and regulate the integrity of TJ and the barrier function of epithelium.
Previous studies showed that H 2 O 2 , but not superoxide or hydroxyl radical, disrupt the TJ and increase paracellular permeability in Caco-2 cell monolayers by a tyrosine kinase-dependent mechanism [24, 25] . The intracellular signalling molecules such as PI3K [16] and c-Src [15] are involved in the H 2 O 2 -induced disruption of TJs. The present study confirms that EGF prevents H 2 O 2 -induced increases in paracellular permeability and demonstrates for the first time that the protection of TJs by EGF requires MAPK activity. EGFR-induced MAPK activation is the major intracellular signalling pathway that mediates the effect of EGF on cell proliferation and differentiation [41] . The attenuation of EGF-mediated prevention of H 2 O 2 -induced permeability by PD98059 and U0126 clearly demonstrate that the activity of MEK is required for EGF-mediated protection of TJ from H 2 O 2 . MEK inhibitors also abolished the EGF-mediated prevention of H 2 O 2 -induced redistribution of occludin and ZO-1 from the intercellular junctions. A previous study demonstrated that H 2 O 2 induces rapid increases in the Tyr-phosphorylation of occludin and ZO-1 in Caco-2 cells, and that H 2 O 2 -induced Tyr-phosphorylation of occludin and ZO-1, and the disruption of TJ were attenuated by genistein, a tyrosine kinase inhibitor [25] . Furthermore, Tyr-phosphorylation of the C-terminal region of occludin prevents its interaction with ZO-1, ZO-2 and ZO-3 [27] . Therefore Tyr-phosphorylation of occludin is a good indicator of the loss of integrity at the TJ. The present study shows that EGF prevents H 2 O 2 -induced Tyrphosphorylation of occludin and ZO-1. The mechanism of Tyr-phosphorylation of occludin and ZO-1 is not clear. However, the present study shows that EGF receptor activation leads to a modulation of the mechanism involved in Tyr-phosphorylation of occludin and ZO-1. The inhibition of this effect of EGF by MEK inhibitors indicates that EGF prevents H 2 O 2 -induced Tyrphosphorylation of occludin and ZO-1 by a MAPK-dependent mechanism.
Occludin has been shown to be hyperphosphorylated on serine and threonine residues in the normal epithelium [19, 20] and it undergoes dephosphorylation during the disruption of TJs by calcium depletion [19] [20] [21] , phorbol esters [21, 22] and Escherichia coli infection [23] . The present study shows that H 2 O 2 induces a dramatic decrease in the level of Thr-phosphorylated occludin and that EGF completely prevents H 2 O 2 -induced dephosphorylation of occludin on threonine residues. Therefore EGF-mediated protection of TJ from oxidative stress involves an interruption of the mechanism involved in the H 2 O 2 -induced phosphorylation of occludin on threonine residues. Inhibition of this effect of EGF by MEK inhibitors indicates that EGF prevents H 2 O 2 -induced Thr-dephosphorylation of occludin by a MAPKdependent mechanism.
H 2 O 2 disrupted the actin architecture in the apical, middle and basal parts of the cell; however, the effect was more dramatic in the middle part of cell, suggesting that H 2 O 2 may destabilize the perijunctional actomyosin ring. EGF prevents the H 2 O 2 -induced disruption of actin architecture in all three levels of the epithelium. EGF by itself increased the immunostaining intensity of the actin ring in the middle part of cell, suggesting that EGF may stabilize the actomyosin ring by an unknown mechanism. Prevention of a H 2 O 2 -induced decrease in the levels of detergent-insoluble pools of occludin and ZO-1 by EGF indicates that it protects the integrity of TJs by preventing the loss of interaction between TJ-proteins and the actin cytoskeleton. TJ-proteins were shown to interact with the actin cytoskeleton and that this interaction was essential for the maintenance of the integrity of the TJ [4] . A previous study showed that increased paracellular permeability through oxidative stress and its prevention by genistein correlated well with changes in the levels of occludin and ZO-1 in actinrich detergent-insoluble fractions [25] . Changes in the levels of these proteins in the membrane cytoskeleton did not correlate with the permeability changes, indicating that actin-bound pools of TJ-proteins are correlated with the integrity of TJs. The attenuation of an EGF-mediated prevention of the disruption of actin cytoskeleton and the decrease in the levels of detergentinsoluble occludin and ZO-1 by MEK inhibitors demonstrates that EGF-activated MAPK activity interrupts the mechanism involved in H 2 O 2 -induced disruption of the actin cytoskeleton and the loss of interaction between TJ-proteins and the actin cytoskeleton.
A rapid increase in the levels of p-MEK and p-ERK mediated by EGF indicates that EGF activates the MAPK pathway in differentiated non-proliferating Caco-2 cells. Attenuation of ERK phosphorylation by MEK inhibitors indicates that EGF activates ERK by a MEK-dependent mechanism. Interestingly, p-ERK was localized predominantly to the detergent-insoluble fractions of Caco-2 cell monolayers, although a major portion of total ERK was present in the detergent-soluble fraction. On the other hand, p-MEK was localized predominantly to the detergent-soluble fraction. EGF did not alter the levels of ERK and MEK, suggesting that EGF induces activation of MEK and ERK without altering their levels or localization within the cell. High levels of p-ERK in the detergent-insoluble fractions raised the question as to whether p-ERK is localized to the TJ. Immunofluorescence confocal microscopy showed that a considerable amount of p-ERK is localized at the apical end of the lateral membrane of the epithelial cell and is co-localized with occludin. Co-localization of p-ERK with occludin was profoundly increased by EGF administration due to increased levels of p-ERK in these cells.
Previous studies showed that expression of active Raf-1 in salivary gland epithelial monolayers [42] and transformation by Ras in MDCK cells [43] activates MAPK and disrupts TJs. Rasinduced transformation of MDCK cells prevents the assembly of TJs by decreasing the levels of occludin [43] , whereas Raf-1 in salivary gland epithelial cells decreases the expression of claudin-1 [42] . MAPK activity was also found to be involved in the disruption of TJs by H 2 O 2 in endothelial cell monolayers [44] and by phorbol ester in human corneal epithelial monolayers [45] , indicating that the activation of MAPK in these cells results in the disruption of TJs. On the contrary, our present study shows that MAPK activity is involved in the stabilization of TJ integrity in a differentiated, non-proliferating Caco-2 cell monolayer. MAPK activity is required for the EGF-induced protection of TJs from H 2 O 2 . The reason for such opposing effects of MAPK in epithelia from different origins is not clear. However, basal activity levels of MAPKs and/or their subcellular localization may determine the type of influence on the TJ. In Ras-transformed MDCK cells active ERK was localized exclusively to the detergent-soluble fractions [43] , whereas in the present study we show that the active ERK is localized predominantly to the detergent-insoluble fraction of Caco-2 cells.
Co-localization of p-ERK with occludin suggests a possible interaction between p-ERK and the TJ-protein complex. Co-immunoprecipitation of p-ERK with occludin and co-immunoprecipitation of occludin with p-ERK indicated that p-ERK does interact with the TJ-protein complex and that this interaction is rapidly increased by EGF administration. This was further confirmed by the GST-occludin pull-down assay. Incubation of recombinant GST-fused C-terminal tail of occludin with protein extracts prepared from control and EGF-treated cells showed that p-ERK binds to the C-terminal sequence of occludin. The amount of binding was higher in proteins extracted from EGF-treated cells, as there were higher levels of p-ERK present in these extracts compared with protein extracts prepared from the control cells.
Although the GST pull-down assay showed that p-ERK binds to the C-terminal region of occludin, it is not clear if it binds to occludin directly, or if the binding was indirectly mediated by its interaction with other components of the TJ-protein complex. Therefore, we evaluated the direct interaction between occludin and ERK by a pair-wise binding assay using recombinant GST-occludin-C and ERK. Results demonstrate that ERK1 binds directly to the C-terminal region of occludin. The direct interaction of ERK1 with occludin suggests that ERK1 may play a crucial role in the regulation of the TJ-protein complex. However, the precise function of ERK1 in the assembly or stabilization of TJs is not clear. ERK may play a role in the phosphorylation and the regulation of TJ proteins or the signalling proteins that are associated with the components of TJ-protein complexes.
In summary, this study shows that ERK interacts directly with the C-terminal region of occludin and plays a crucial role in the EGF-mediated protection of TJs from H 2 O 2 -induced phosphorylation of occludin, loss of its interaction with the actin cytoskeleton, disruption of TJs and increases in paracellular permeability.
